Cell-free enzyme particles from mung beans (Phaseolus aureus) or cotton (Gossypum hirsutum L.) fibers catalyze the incorporatio of mannose from GDP-l'4Clmamnose and N-acetylghucosamlne from UDP-13H1-N-acetylglucosamine into poypreny-type lipids. These Lipid-bound sugars have been shown to act as intermediates in the biosynthesis of glycoproteins. Enzyme preparations from several animal (2-4, 18) and plant (7, 10) sources are capable of catalyzing the incorporation of mannose from GDP-["4C]mannose and of N-acetylglucosamine from UDP-[3HJGlcNAc2 into glycolipids which have the properties of sugar phosphoryl polyprenols. Previous studies (10, 12, 16) have also. shown that mannose residues are sequentially transferred from mannosyl-phosphorylpolyprenol to lipid-bound-GlcNAc to form oligosaccharide-lipids which then act as precursors for the oligosaccharide chains of glycoproteins.
phate mannose), the N-acetylglucosamine-lipid from these plants migrates differently than N-acetylgloaInde-pyroosoryl-olchol and N,N'-diacetylehitoblosyl-pyro h dolchol syntbesized in animal systems.
We propose that the appart difference in the lipid carrier for these two sugars may be a point of control of glycoprotein syndthesis.
Lipid-bound sugars have been shown to act as intermediates in the biosynthesis of glycoproteins. Enzyme preparations from several animal (2) (3) (4) 18) and plant (7, 10) sources are capable of catalyzing the incorporation of mannose from GDP-["4C]mannose and of N-acetylglucosamine from UDP-[3HJGlcNAc2 into glycolipids which have the properties of sugar phosphoryl polyprenols. Previous studies (10, 12, 16) have also. shown that mannose residues are sequentially transferred from mannosyl-phosphorylpolyprenol to lipid-bound-GlcNAc to form oligosaccharide-lipids which then act as precursors for the oligosaccharide chains of glycoproteins.
In the animal systems where this mechanism has been demon- ' This work was supported by Grant GM-38159 from the National Science Foundation.
2 Abbreviation: GIcNAc: N-acetylglucosamine. strated (18) , the mannolipid has been identified as mannosylphosphoryl-dolichol and the N-acetylglucosaminyl-lipid has been identified as GlcNAc-pyrophosphoryl-dolichol. The lipid portion of the mannolipid from Phaseolus vulgarus (kidney bean) has also been identified as a dolichol (5) . In this report we present evidence to support the conclusion that although in animal systems both mannosyl-and GlcNAc-lipids are dolichols, in plants the lipid that carries mannose is different from that which carries GlcNAc.
MATERIALS AND METHODS
Materials. All solvents were analytical reagent grade. GDP-['4CJMannose (272 mCi/mmol) and UDP-[3HJGlcNAc (6.6 Ci/mmol) were obtained from New England Nuclear. GDP-Mannose and UDP-GlcNAc were obtained from Sigma Chemical Co. Synthetic dolichyl-monoP was a gift from R. Keenan. Silica Gel F-254 plates used for TLC were from Brinkmann Instruments.
Preparation of Particulate Enzyme. Fibers from 14-to 20-dayold cotton bolls were minced thoroughly with scissors or hypocotyls from 1-day-old mung bean sprouts were ground in cold buffer (50 ml/boll or 5 ml/g) containing 50 mm Tris (pH 7.5), 2 mm ,Bmercaptoethanol, and PVP (5 g/l). The homogenate was filtered through cheesecloth and the particulate material was collected by centrifugation at 30,000g for 15 min. The pellet was resuspended in 50 mM Tris buffer (pH 7.5) containing 2 mm fl-mercaptoethanol. Except where noted, all experiments were performed using both mung bean and cotton enzyme.
Enzyme Assays. Incubation mixtures for the synthesis of the labeled lipids contained the following components in a final volume of 0.4 ml: GDP-[I4C]mannose or UDP-[3HlGlcNAc (50,000 cpm), 10 mM MgCl2 and 0.3 ml enzyme. Incubations were allowed to continue for various lengths of time at room temperature. In some cases, incubations were run with labeled GDP-mannose and unlabeled UDP-GlcNAc or vice versa. Some reaction mixtures (final volume 0.5 ml) contained dolichyl-monoP or lipid acceptor dissolved in 50 R1 of CH30H. In these cases, lipid was added first to incubation tubes and solvent was removed under a stream of N2. The lipid was suspended in 50 p1 of methanol and other reaction components were added. The reactions were stopped by the addition of 2 ml of CHCl3-CH30H
(1:1) and 0.5 ml of H20. The reactions were mixed vigorously and the phases were separated by centrifugation. The result was three phases. The lower organic phase, which contained lipidmonosaccharides, was removed and saved. The upper (aqueous) layer and the interface were reextracted with 2 ml of CHC13. After separation of the phases, the lower layer was removed and combined with the first organic phase. The combined organic phases were extracted with CHCI3-CH30H-H20 (3:48:47 ) and the lower layer was removed and dried in scintillation vials for radioactive measurements. The aqueous phase and the interface from the initial extraction were vigorously mixed to suspend the particles and enough CH30H was added to give a single phase. The particulate material was isolated by centrifugation and was washed three times with 50%o methanol to remove sugar nucleotides and free sugars. The supernatant liquids from these washes were discarded. After thorough washing, the pellet was suspended in 2 ml of CHC13-CH30H-H20 (1:1:0.3) and allowed to stand at room temperature for 15 min. This solvent extracted the oligosaccharide-lipids. At the end of 15 min, the pellet was removed by centrifugation and the supernatant was dried in scintillation vials for the measurement of radioactivity.
Radioactivity was determined in a Packard liquid scintillation spectrometer using a scintillation fluid containing 500 ml of Triton X-100, 5 g of PPO, and 0.2 g of POPOP in 1 liter of toluene.
Preparation of Acceptor Lipids. Lipid acceptor for transferase activity was prepared from pig liver by the method of Heifetz and Elbein (11) . The mung bean lipid acceptor was prepared by incubation of mung bean particulate enzyme (10 mm in MgCl2) with 2 ,umol of UDP-GlcNAc in 50 mm Tris buffer (pH 7.5) containing 10 mM MgCl2. Lipid-linked sugars were extracted as described above and mixed with a small amount of radioactive GlcNAc-lipid, also prepared by incubation of mung bean extracts with UDP-[3H]GlcNAc. The combined lipid was dried on a rotary evaporator and applied to a column of DEAE-cellulose (acetate) as previously described (9) . The column was washed with CHC13-CH30H (2:1) and 99% CH30H. The lipids were eluted with 0.25 M ammonium acetate in 99% CH30H. The radioactive material was dried, suspended in CHC13-CH30H (1:1) and washed with water to remove salt, and then saponified (9 Samples were evaporated in a stream of air, redissolved in 100 ,Il of CHCI2-CH30H (2:1) and applied to the silica gel plate. The location of the radioactive lipids was determined by cutting the plates into 0.5-cm sections which were scraped into scintillation vials and counted in toluene scintillation fluid. Dolichyl-P was run as a standard on each plate and it was visualized by iodine vapor.
RESULTS
Stimulation of Lipid-linked Saccharide Formation by Acceptor Lipids. Dolichyl-monoP has been shown to serve as an acceptor of mannose in mammalian (13, 18) and plant systems (5, 9, 12) . In the mung bean or cotton system, incorporation of radioactivity into mannolipid was significantly stimulated by added dolichylmonoP or by added acceptor lipid isolated from pig liver (Fig. 1,  A and B) . The mannolipid obtained from reactions that had been stimulated in the presence of added dolichyl-monoP ran as a single peak which co-chromatographed with the mannolipid from reactions to which no exogenous lipid acceptors were added. Both of these lipid preparations had the same mobilities in solvent A (RF = 0.69) and solvent system B (RF = 0.91) as the mannolipid isolated from pig aorta. This indicates that the mannolipid product obtained from dolichyl-P stimulated reaction is homogeneous and is similar to the mannolipid product made from endogenous mung bean lipid. Thus, the lipid portion of the plant mannolipid appears to be a dolichol.
In mammalian systems the lipid portion of the isolated mannolipid has been shown to be identical to the lipid to which GlcNAc is attached. Stimulation by dolichyl-monoP of radioactivity from UDP-[14CJGIcNAc into lipid has been demonstrated in animal systems (4, 11) and has been reported in Phaseolus aureus (12) . In the studies reported here no stimulation of the incorporation of activity from UDP-[3HJGlcNAc into lipid was observed by adding exogenous C95 dolichyl-monoP or by the addition of acceptor lipid isolated from pig liver (Fig. 1, A and  B) .
GlcNAc-lipid was prepared from a large scale mung bean enzyme reaction mixture. This lipid was partially purified on a Figure 3 . The level of mannolipid (Fig.  3A) increased very rapidly for the first few min of incubation but reached a plateau after 5 or 10 min. As can be seen, the addition of dolichyl-P to this incubation mixture more than doubled the steady-state level of radioactive mannolipid whereas the addition of "GlcNAc-lipid acceptor" had no effect. The steadystate level of GlcNAc-lipid, on the other hand, was unaffected by addition of dolichyl-P but increased by the addition of "GlcNAc-lipid acceptor" (Fig. 3B) .
Properties of the GlcNAc-labeled Lipids from Plant and Animal Sources. The GlcNAc-labeled lipid product was subjected to TLC in three solvent systems. Dolichyl-P and GlcNAc-labeled lipids isolated from pig liver were used as standards. The plant glycolipid ran differently from both the GlcNAc-pyrophosphoryl-dolichol and the (GlcNAc)2-pyrophosphoryl-dolichol synthesized by extracts of aorta (11) in all three solvent systems ( Table I ). The plant glycolipid was subjected to mild acid hydrolysis and the sugars were identified by paper chromatography. The major radioactive product had the same mobility as N,N'-diacetylchitobiose although small amounts of GlcNAc were also observed. This suggests that the major lipid in this fraction was GlcNAcGlcNAc-pyrophosphoryl-lipid.
Interactions between GDP-Mannose and UDP-N-Acetylglucosamine in the Formation of Lipid-linked Sugars. When increasing concentrations of unlabeled UDP-GlcNAc are added to reaction mixtures containing GDP-['4CJmannose and enzyme, there is a stimulation of the incorporation of ['4CJmannose into oligosaccharide-lipid accompanied by a decrease of radioactivity in the mannolipid (Fig. 4) . However, the total radioactivity incorporated The preparation of the GlcNAc-lipid acceptor is described under "Materials and Methods." into lipids remains constant regardless of the UDP-GIcNAc concentration. Likewise, when increasing concentrations of unlabeled GDP-mannose are added to reaction mixtures containing UDP-[3HJGlcNAc and enzyme, radioactivity into oligosaccharide-lipid increases while radioactivity into GlcNAc-lipid decreases by approximately the same amount (Fig. 5) . This indicates that the availability of each of the two substrates (i.e. UDP-GlcNAc and GDP-mannose) has no effect on the total incorporation into lipid of the other. These data suggest that the two substrates are not competing for the same lipid acceptor.
DISCUSSION
The role of lipid-linked mannose and lipid-linked GlcNAc as sugar donors in glycoprotein synthesis has been well established in both plant and animal systems (18 Although they are apparently not identical, the lipid portions of the mannose and GlcNAc containing glycolipids synthesized by enzyme preparations from mung beans and cotton appear to be of the polyprenol type. We have found that the antibiotic tunicamycin, which has been shown to inhibit the transfer of GlcNAc from UDP-GlcNAc to polyprenyl-P in bacteria and mammalian cells, also inhibits this reaction in plants, although somewhat higher concentrations may be required (8) . That there could be more than one type of polyisoprenoid lipid is supported by the fact that plants are a rich source of these lipids and a number of free polyprenols have been isolated from various plant tissues (14, 19) .
The endogenous pool of UDP-GlcNAc in leguminous plants has been shown to be very high whereas the level of endogenous GDP-mannose is much lower (Ericson and Delmer, unpublished results). The existence of different lipids to be used as transfer molecules for these sugars may very well be a means of controlling the level of synthesis of these two types of glycolipid. If the two sugars are competing for neither the same enzyme nor the same lipid, then the difference in pool size will not mean a preference for the production of one glycolipid over the other. This difference in the lipids could also be used as a means of keeping the two types of glycolipids in the correct proportion, or it could be a means ofcontrolling the level ofglycoprotein synthesis. Mannosylphosphoryl-polyprenols have been postulated to be involved as intermediates in the synthesis of plant cell wall glucomannans or mannans (6, 17) and have been shown to be intermediates in mannan synthesis in yeast (15) . If the mannolipid intermediate involved in mannan synthesis (17) is the same as that involved in glycoprotein synthesis, then the level ofglucosamine-containing glycolipid may well be the point of control of protein glycosylation. In a recent report on the incorporation of mannose from GDP-mannose and GlcNAc from UDP-GIcNAc into insoluble polymers in kidney beans, it was found that only 42% of the mannose-labeled product was protein, while 98% of the GlcNAclabeled product was digestible by proteases (Ericson and Delmer, unpublished results). Therefore, it seems reasonable to speculate that the controlling step could be the production of GlcNAclipid. In mammalian systems, where these cell wall mannans are not produced, this mechanism would not be necessary. 
